Four-quark structure of the Z c (3900), Z(4430), and X b (5568) states
We examine the four-quark structure of the recently discovered charged Zc(3900), Z(4430), and X b (5568) states. We calculate the widths of the strong decays Z → Bsπ + within a covariant quark model previously developed by us. We find that the tetraquark-type current widely used in the literature for the Zc(3900) leads to a significant suppression of theDD * andD * D modes. Contrary to this a molecular-type current provides an enhancement by a factor of 6-7 for theDD * modes compared with the Z + c → J/ψπ + , ηcρ + modes in agreement with recent experimental data from the BESIII Collaboration. In the case of the Z(4430) state we test a sensitivity of the ratio RZ of the Z(4430) + → ψ(2s)π + and Z(4430) + → J/ψπ + decay rates to a choice of the size parameter Λ Z(4430) of the Z(4430). Using the upper constraint for the sum of these two modes deduced from the LHCb Collaboration data we find that RZ varies from 4.64 to 4.08 when Λ Z(4430) changes from 2.2 to 3.2 GeV. Also we make the prediction for the Z(4430) + → D * +D * 0 decay rate.
I Introduction
In the course of experimentally establishing the heavy meson spectrum unusual states were observed that cannot be simply interpreted in the context of a minimal constituent quark-antiquark model. Among these new states are the Z c (3900), Z(4430), and the X b (5568), where especially the last resonance still needs solid experimental confirmation. The flavor structure of these states is unusual as evident from their strong decay modes; a simple quark-antiquark interpretation is not feasible. In the following we focus on these special states. We first collect the experimental findings.
The process e + e − → π + π − J/ψ has been studied by the BESIII Collaboration [1] . A structure was observed at around 3.9 GeV in the π ± J/ψ mass spectrum that was christened the Z c (3900) state. If interpreted as a new particle, it is unusual in that it carries an electric charge and couples to charmonium. A fit to the π ± J/ψ invariant mass spectrum results in a mass of M Zc = 3899.0 ± 3.6(stat) ± 4.9(syst) MeV and a width of Γ Zc = 46 ± 10(stat) ± 20(syst) MeV.
The cross section for e + e − → π + π − J/ψ between 3.8 and 5.5 GeV was measured by the Belle Collaboration [2] . This measurement lead to the observation of the state Y (4260), and its resonance parameters were determined. In addition, an excess of π + π − J/ψ production around 4 GeV was observed. This feature can be described by a BreitWigner parametrization with properties that are consistent with the Y (4008) state that was previously reported by Belle. In a study of the Y (4260) → π + π − J/ψ decays, a structure was observed in the M (π ± J/ψ) mass spectrum with 5.2 σ significance, with mass M = 3894.5 ± 6.6(stat) ± 4.5(syst) MeV and width Γ = 63 ± 24(stat) ± 26(syst) MeV, where the errors are statistical and systematic, respectively. This structure can be interpreted as a new charged charmoniumlike state.
Using 586 pb of e + e − annihilation data the CLEO-c detector made an analysis at √ s = 4170 MeV at the peak of the charmonium resonance ψ(4160). The subsequent decay ψ(4160) → π + π − J/ψ was analyzed [3] , and the charged state Z ± c (3900) was observed, which decays into π ± J/ψ at a significance level of > 5 σ. The value of the mass M Zc = 3886 ± 4(stat) ± 2(syst) MeV and the width Γ Zc = 37 ± 4(stat) ± 8(syst) MeV were found to be in good agreement with the results for this resonance reported by the BES III and Belle collaborations in the decay of the resonance Y (4260). In addition CLEO-c presented the first evidence for the production of the neutral member of this isospin triplet, Z 0 c (3900) decaying into π 0 J/ψ at a 3.5 σ significance level. A study of the process e + e − → π ± (DD * ) ∓ was reported by the BESIII Collaboration [4] at √ s = 4.26 GeV using a 525 pb −1 data sample collected with the BESIII detector at the BEPCII storage ring. A distinct charged structure was observed in the (DD * ) ∓ invariant mass distribution. When fitted to a mass-dependent-width BreitWigner line shape, the pole mass and width were determined to be M pole = 3883.9 ± 1.5(stat) ± 4.2(syst) MeV and Γ pole = 24.8 ± 3.3(stat) ± 11.0(syst) MeV. The mass and width of the structure referred to as Z c (3885) are 2σ and 1σ, respectively, below those of the Z c (3900) → π ± J/ψ peak observed by BESIII and Belle in π + π − J/ψ final states produced at the same center-of-mass energy. The angular distribution of the πZ c (3885) system favors a J P = 1 + quantum number assignment for the structure and disfavors the assignment 1 − or 0 − . The Born cross section times the DD * branching fraction of the Z c (3885) is measured to be
Assuming that the Z c (3885) → DD * signal reported in [4] and the Z c (3900) → πJ/ψ signal are from the same source, the ratio of partial widths is determined as
That means that the Z c (3900) state has a much stronger coupling to DD * than to πJ/ψ [5] . An unbinned maximum likelihood fit gives a mass of M = 3889.1 ± 1.8 MeV and a width of Γ = 28.1 ± 4.1 MeV (M = 3891.8 ± 1.8 MeV and Γ = 27.8 ± 3.9 MeV) for the two data sets, respectively. The pole position of this peak is calculated to be M pole = 3883.9 ± 1.5 ± 4.2 MeV and Γ pole = 24.8 ± 3.3 ± 11.0 MeV. The mass and width of the peak observed in the DD * final state agree with that of the Z c (3900). Thus, they are quite probably the same state. The charmoniumlike structure Z + c (3900) was identified in Ref. [6] as the charged partner of the X(3872) state. The X(3872) meson is considered to be a four-quark state with quantum numbers
The Z c (3900) meson is interpreted as the isospin 1 partner of the X(3872). As in Ref. [7] it was assumed that the quantum numbers for the neutral state in the isospin multiplet were I G (J P C ) = 1 + (1 +− ) Using standard QCD sum rules techniques, the coupling constants of the Z 
The observation of a narrow structure, X(5568), in the decay sequence X(5568 [8] by the D0 Collaboration. This would be the first observation of a hadronic state with valence quarks of four different flavors. The mass and width of the new state are measured to be M = 5567.8 ± 2.9 (stat) +0.9 −1.9 (syst) MeV/c 2 , and Γ = 21.9 ± 6.4 (stat)
However, in recent analysis performed by the LHCb Collaboration an existence of the claimed X(5568) state has been not confirmed [9] .
The observed strong decay mode of the X ± (5586) implies flavor structures of the type X + (sbud). Since the B 0 s π + pair is produced in an S wave, its quantum numbers would be J P = 0 + . As already pointed out in Ref. [8] the significant difference between the mass of the X(5568) and M B + M K threshold does not favor a hadronic molecular interpretation of the X(5568). First qualitative considerations point to the X(5568) state being a tetraquark state.
Structure issues of the X(5568) have already been discussed in a number of theoretical papers [10] - [27] suggesting various tests both for the tetraquark and hadronic molecular structure of the X(5586) state. In Ref. [23] a few options for the interpretation of the X(5586) state have been checked. It was concluded that threshold, cusp, molecular, and tetraquark approaches for the explanation of the X(5586) state are all disfavored. One of the important conclusions was that the mass of the (bsqq) tetraquark state must be heavier than the Ξ b (5800) baryon. Also the authors of Ref. [23] deduced a lower limit for the masses of a possible (bsud) tetraquark state: 6019 (6107) MeV. Complementary to Ref. [23] Ref. [24] presented an analysis based on general properties of QCD to analyze the X(5568) states. In particular, it was shown that the mass of the (bsud) tetraquark state must be bigger than the sum of the masses of the B s meson and the light quark-antiquark resonance leading to an estimate of the lower limit of M bsud ∼ 5.9 GeV. Reference [26] used a B s π-BK coupled channel analysis with an interaction derived from heavy hadron chiral perturbation theory to implement the unitarity feature of the spectrum reported by the D0 Collaboration. The analysis lead to a T -matrix momentum cutoff of Λ = 2.80 ± 0.04 GeV, which is much larger than a typical scale Λ ≃ 1GeV.
Reference [28] Furthermore, the Belle Collaboration did estimate for the product of branching fractions: [33] . In Ref. [34] the LCHb Collaboration concluded that the only possible explanation for internal structure of the Z(4430) state is a four-quark ccud bound state.
In Ref. [35] the Belle Collaboration reported, that they also found a Z + (4430) signal in the J/ψπ + spectrum of the decayB
If one compares this value with the corresponding product branching fraction for the ψ(2s) particle (see above) and assumes that the decay rates are invariant under charge conjugation, one can derive an estimation for the branching ratio of the two decay channels of the Z(4430) ± . We do not know how the errors of the values correlate, so we only do a rough estimation of the errors by dividing the upper limit of the one product branching fraction by the lower limit of the other one and vice versa, taking into account statistical and systematical error both in one step. We get
In the present paper we critically check the tetraquark picture for both the Z c (3900) and X(5568) states by analyzing their strong decays. In our consideration we use the covariant quark model proposed in [36] and used in Refs. [37, 38] to describe the properties of the X(3872) state as a tetraquark state. First, we employ an interpretation of the Z c (3900) state as the isospin 1 partner of the X(3872) as was suggested in Refs. [6] and [7] . We calculate the partial widths of the decays Z
We find that for a relatively small model size parameter Λ Zc ∼ 1.4 GeV one can reproduce the central values for the partial widths of the decays Z + c → J/ψπ + , η c ρ + as they were also obtained in Refs. [6, 7] . It turns out that, in our model, the leading Lorentz metric structure in the matrix elements describing the decays Z c (3900) →DD * vanishes analytically. This results in a significant suppression of these decay widths by the smallness of the relevant phase space factor |q| 5 . Since the experimental data [4] show that the Z c (3900) has a much more stronger coupling to DD * than to J/ψπ, one has to conclude that the tetraquark-type current for the Z c (3900) is in discord with experiment. As an alternative we employ a molecular-type four-quark current to describe the decays of the Z c (3900) state. In this case we find that for a relatively large size parameter Λ Zc ∼ 3.3 GeV one can obtain the partial widths of the decays Z + c (3900) →DD * at the order ∼ 15 MeV for each mode. At the same time the partial widths for decays Z + c (3900) → J/ψπ + , η c ρ + are suppressed by a factor of 6 − 7 in accordance with experimental data [4] .
Let us stress, that in our manuscript we consider exotic mesons in the four-quark picture with the use of two possible configuration of quarks in these states. Note that molecular configuration does not mean that a specific size of the state with such structure is more compact than the tetraquark configuration. In this sense it is differed from hadronic molecules -extended object with clear separation of two hadrons -the constituents building the exotic state. Such hadronic molecules (extended objects) with smaller size parameter (of order of 1-2 GeV) have been considered some of us in the phenomenological Lagrangian approach based on the composite structure of exotic states as bound states of separate hadrons [39] . In the present manuscript, for the first time in order to distinguish both configurations we vary the size parameter in the same region 3.2 -3.4 GeV, which is guided by experimental data. Also we would like to mention that the size parameter is not directly related to the size of a hadron like e.g., in potential approaches. Indeed, our size parameter is related to the physical quantities like electromagnetic radii, slope of the form factors, etc.
Then, we test the tetraquark picture for the X(5568) structure by analyzing its strong one-pion decay. We found that for a mass of 5568 MeV one can fit the experimental decay width by using the value of size parameter Λ X b ∼ 1.4 GeV. In the case of a larger mass of 5771 MeV [28] one finds Λ X b ∼ 1.7 GeV. Finally, we consider the decays of the Z(4430) state Z(4430) + → J/ψ + π + , Z(4430) + → ψ(2s) + π + , and Z(4430) + → D * + +D * 0 in the tetraquark picture. The paper is organized as follows. In Sec. II, we consider the Z c (3900) state, a four-quark state, as a compact tetraquark bounded by color diquark and antidiquark. In Sec. III we test a molecular-type four-quark structure of the Z c (3900) state. In Sec. IV we present study of the X(5568) exotic state as the tetraquark four-quark state. In Sec. V we apply the tetraquark model for the Z(4430) state. Finally, in Sec. VI we summarize and conclude our results.
II The Z c (3900) as a four-quark state with a tetraquark-type current Let us first interpret Z c (3900) as the isospin 1 partner of the X(3872) as was suggested in Refs. [6] and [7] . Then the quantum numbers for the neutral state are
. Accordingly the interpolating current for the Z + c (3900) state is given by
We employ a charge conjugation matrix in the form of C = γ 0 γ 2 , i.e., without a factor "i" as is usually employed. This allows one to simplify the calculations because of
In what follows we drop the superscript "T" (transpose) from the spinors to avoid a complication of notation.
The nonlocal version of the four-quark interpolating current reads
where
The numbering of the coordinates x i is chosen such that one has a convenient arrangement of vertices and propagators in the Feynman diagrams to be calculated. The effective interaction Lagrangian describing the coupling of the meson Z c to its constituent quarks is written in the form
The Fourier transform of the vertex function Φ Zc i<j (x i − x j ) 2 can be calculated by using appropriately chosen
Jacobi coordinates
where 
It
where the vertex function in momentum space is chosen to have a Gaussian form
with the Λ
2
Zc being an adjustable size parameter. The coupling constant g Zc in Eq. (7) is determined by the normalization condition called the compositeness condition (see Refs. [40] and [36] for details),
where Π Zc (p 2 ) is the scalar part of the vector-meson mass operator
The Fourier transform of the Z c -tetraquark mass operator reads
. Details of the calculation can be found in our previous papers, e.g. [37, 38] .
The matrix elements of the decays Z 
The argument of the Z c -vertex function is given by
The quark masses are specified as m 1 = m 2 = m c , m 3 = m 4 = m d = m u , and the two-body reduced masses aŝ
We finally calculate the two-body decay widths. The relevant spin kinematical formulas have been collected in the appendix. Note that momentum of the daughter vector particle is chosen to be q 1 in Eq. (A1). In addition the matrix element is expressed through the dimensionless invariant amplitudes A 1 , and A 2 in Eq. (A3). In order to adjust the notation in Eqs. (14) , (15) , (17) , and (18) to those given in the appendix, one has to replace q 1 ↔ q 2 in Eqs. (15) and (17) and then introduce the dimensionless form factors A 1 = A/m and A 2 = ±m B (p 2 = m 2 ) where the sign "+ ′′ stands for Eqs. (14) and (18) and "− ′′ for Eq. (15) and (17), respectively. The expressions for helicity amplitudes via A 1 and A 2 are given in Eq. (A5). The two-body decay widths are now calculated using Eq. (A9).
As a consequence of the subtraction of the two traces in the matrix elements in Eqs. (17) and (18) we found that A DD * = A D * D ≡ 0 analytically. This results in a significant suppression of the decay widths due to the D-wave suppression factor of |q 1 | 5 . In the calculation of the quark-loop diagrams we have only one free parameter Λ Zc , the size parameter of the Z c state. The other model parameters have been fixed in previous papers [36] - [38] , [41] 
For the Z c (3900) mass we use the actual value 3.886 GeV. We adjust the size parameter Λ Zc in such a way as to be close to the central value for the decay Z + c → J/ψ + π + obtained in Refs. [6, 7] . If the parameter Λ Zc is varied in the region Λ Zc = 2.25 ± 0.10 GeV the numerical values of the decay widths vary as
Here and in the following an increasing of the size parameter leads to a decreasing of the decay width. Since the experimental data [4] show that the Z c (3900) has a much more stronger coupling to DD * than J/ψπ, one has to conclude that the tetraquark-type current for Z c (3900) is in discord with experiment.
Moreover, we expect that a realistic value of the size parameter Λ Zc is about 3 GeV. Using Λ Zc = 3.3 ± 1.1 GeV we get a significant suppression for the Z 
III The Z c (3900) as a four-quark state with a molecular-type current
We describe the Z + c (3900) as the charged particle in the isotriplet with a molecular-type current given by (see Ref. [42] )
Its nonlocal generalization is given by
The Fourier transform of the Z c mass operator is written as 
The argument of the Z c -vertex function η 2 and the specification of the quark masses are identical to those given in the previous section.
The matrix elements of the decays Z
As a guide to adjust the parameter Λ Zc we take the experimental values for decay widths given in Ref. [4] . If the parameter Λ Zc is varied in the limits Λ Zc = 3.3 ± 0.1 GeV the numerical values of decay widths vary according to
Thus a molecular-type current for the vertex function of the Z c is in accordance with the experimental observation [4] that Z c (3900) has a much stronger coupling to DD * than to J/ψπ.
IV X b as a tetraquark
Let us first interpret X b as a tetraquark state with the quantum numbers J P = 0 + . Then the interpolating current for the X b (5568) is given by
j=1 m j . The effective interaction Lagrangian describing the coupling of the meson X b to its constituent quarks takes the form
The Fourier transform of the X b -tetraquark mass operator are given by
The matrix element of the decay X
where the arguments of the X b -vertex function are given by
The The two-body decay width is given by
where |q 1 | is the momentum of the daughter particles in the rest frame of the X b . We adjust the parameter Λ X b for two values of the X b mass, (i) m X b =5567.8 MeV as reported by the D0 Collaboration [8] , and (ii) m X b =5771 MeV as was obtained in [28] . The numerical values of the decay widths can be calculated to be
V Z(4430) as a tetraquark
The interpolating tetraquark current of the Z(4430) state with J P = 1 + fixed by the LHCb Collaboration [33] has the same structure as the tetraquark current for the Z c state [see Eqs. (5) and (6)]. Similarity of the Z(4430) and Z c states also concerns the effective interaction Lagrangian describing the coupling of Z(4430) to its constituent quarks,
Zc (x) with a specific value of the size parameter Λ Z . In the case of Z(4430) we consider two strong decay modes Z(4430) → J/ψ + π and Z(4430) → ψ(2s) + π, which are calculated by analogy with the case of Z c → J/ψ + π in the tetraquark picture. A new feature is that we should specify the vertex function of the ψ(2s) state. By analogy with the oscillator potential model it should emulate the node structure of the ψ(2s). In our calculations we use the following form of the ψ(2s)-vertex function:
where α is a free parameter, encoding the node structure of the ψ(2s) meson. It is fixed at α = 1.0172 from the description of the leptonic decay constant f ψ(2s) = 291 MeV. For convenience, we use the same size parameter Λ J/ψ = Λ ψ(2s) = 1.738 GeV for J/ψ and its radial excitation ψ(2s) state. For the Z(4430) mass we use the actual value 4.478 GeV. Now let us turn to the discussion of our results for the Z(4430) → J/ψ + π and Z(4430) → ψ(2s) + π decay widths. We have a single free parameter: the Λ Z(4430) -size parameter of the Z(4430) state. We use the present upper limit for the total width of the Z(4430) state Γ ≤ 212 MeV deduced from the averaged value Γ = 181 ± 31 MeV in Particle Data Group [43] as the upper limit for the sum of the widths of two modes Z(4430) → J/ψ + π and Z(4430) → ψ(2s) + π. It constrains the choose of the size parameter Λ Z . In particular, we found that Λ Z ≥ 2.2 GeV, which supports the compact (ccdū) tetraquark interpretation of the Z(4430) state. In Table I Finally, we make the prediction for the Z(4430) + → D * + +D * 0 decay rate. This process is described by the invariant matrix element, which is expressed in terms of three relativistic amplitudes B i , (i = 1, 2, 3) as
The Z(4430) + → D * + +D * 0 decay rate is calculated according to the formula 
VI Summary and conclusions
Let us summarize the main results of our paper. Presently two possible four-quark configurations for exotic states are tested experimentally and theoretically: the tetraquark (compact) configuration corresponding to the coupling of color diquark and antidiquark and molecular (extended) configuration corresponding to the coupling of two separate mesons. We have critically checked both possible four-quark pictures (tetraquark and molecular scenario) in the case of the Z c (3900) state. For the case of the X(5568) and Z(4430) states we considered only the tetraquark picture. Our study has been done by analyzing strong decays of the exotic state. The strong decays have been calculated in the framework of the covariant quark model previously developed by us. First, we have interpreted the Z c (3900) state as the isospin 1 partner of the X(3872). We have calculated the partial widths of the decays Z + c (3900
It turned out that the leading metric Lorentz structure in the matrix elements describing the decays Z c (3900) →DD * vanishes analytically. This results in a significant D-wave suppression of these decays through the appearance of the phase space factor proportional to |q| 5 . Since the experimental data from the BESIII Collaboration show that Z c (3900) has a much more stronger coupling to DD * than to J/ψπ, we have concluded that the tetraquark-type current for the Z c (3900) is in disaccord with experiment. As an alternative we have employed a molecular-type four-quark current to describe the Z c (3900) state. In this case we found that for a relatively large model size parameter of Λ Zc ∼ 3.3 GeV one can obtain partial widths for the decays Z c (3900) →DD * that are close to ∼ 15 MeV for each mode. At the same time the partial widths for the decays Z c (3900) → J/ψπ , η c ρ are suppressed by a factor of 6 − 7 in accordance with experimental data.
Finally, we have tested a tetraquark picture for the X(5568) and Z(4430) structure by analyzing their strong onepion decay. In the analysis of the B s π decay mode of the X(5568) we found that one can fit the experimental decay width using a mass of 5568 MeV by taking the value of the parameter to be Λ X b ∼ 1.4 GeV. In the case of a larger mass 5771 MeV one finds Λ X b ∼ 1.7 GeV. In the case of the Z(4430) state we considered the modes with J/ψ and its first radial excitation ψ(2s). We showed that the decay width of the Z(4430) → ψ(2s) + π process dominates over the one of Z(4430) → J/ψ + π by a factor R Z = (4.36 ± 0.28) and the sum of the two decay rates of the Z(4430) satisfies the upper limit for the total width of the Z (4430) 
where 2s + 1 = 3. We assume that the (1 − ) meson decays into two pseudoscalar mesons as in the cascade decay Z c → D+D * (→ D+π). We treat the cascade decay in the narrow width approximation. The differential decay distribution for the cascade decay is given by 
In the latter cascade decay we have set m ℓ = 0.
